We compute the e ective wave front speeds of reaction-di usion equations in periodically layered media with coe cents that have small amplitude oscillations around a uniform mean state. We compare them with the corresponding wave front speeds in the uniform state. We analyze a one dimensional model where wave propagation is along the layering direction of the medium and a two dimensional shear ow model where wave propagation is orthogonal to the layering direction. We nd that the e ective wave speed is smaller in the one dimensional model and is larger in the two dimensional model for both bistable cubic and quadratic nonlinearities of the KolmogorovPetrovskii-Piskunov form. We derive approximate expressions for the wave speeds in the bistable case.
Introduction
We will consider traveling waves for reaction-di usion equations R-D u t = n X i;j=1 a ij xu x i x j + fu uj t=0 = u 0 x 1.1 where ax = a ij x is a smooth positive de nite matrix, 2-periodic in each direction in R n . The nonlinear function fu is either the bistable nonlinearity fu = u1 , uu , ; 2 0; 1=2
1.2 or the quadratic nonlinearity fu = u1 , u 1.3 of the Kolmogorov-Petrovskii-Piscunov KPP form 11 . Travelling wave solutions of 1.1 have the form u = Uk x , ct; x, where the direction of propagation k 2 R n is a unit vector, c = ck is the speed and the wave pro le U = Us; y, s = k x , ct, y = x, satis es the equation k@ s + r y ayk@ s + r y U + cU s + fU = 0 U,1; y = 0 ; U+1; y = 1 ; Us; 2 , periodic : 1.4 When ax = I, the identity, 1.1 is the usual reaction-di usion equation in a homogeneous medium, the travelling wave solution has the form Ukx,ct and 1.4 is an ordinary di erential equation for U as a function of s. For a medium with periodic structure it is reasonable to look for wave pro les that have also periodic structure, along with their usual form in the direction of propagation, as is common in homogenization problems 2 . For bistable nonlinearities 1.2, traveling waves and their stability are analyzed in 1 , 7 , in the homogeneous case. For KPP nonlinearities they are analyzed in 9 , 10 , 11 . In 15 , Xin showed that if ay is close to a constant positive de nite matrix, then 1.4 admits a unique solution U; c up to a constant shift in s, with c 0. This travelling wave solution is stable in one space dimension. In the multidimensional case it is not known if the travelling waves constructed in 15 are stable.
We see from 1.4 that the wave speed c and wave pro le U are coupled and must be determined together. However, in the KPP case the asymptotic speeds can be determined independently of the wave pro le and Gartner In this paper, we calculate approximately the speed of the travelling wave in a periodically layered medium, uctuating around a constant state with mean one and small variation. We compare the wave speed in the layered medium the e ective wave speed with that in the constant state and see how the medium a ects it. We consider two model problems of propagation in layered media. In section 2 we analyze traveling waves in a two dimensional shear ow where the ow is layered in the y 1 direction and the wave is propagating in the y 2 direction, orthogonal to the direction of layering in the ow. We derive an approximate formula for the speed of the travelling wave, up to second order in the variations of the shear ow. We nd that the speed in the two dimensional layered medium is larger than that in the uniform medium. In section 3 we analyze a one dimensional problem where the wave propagates along the layering direction of the medium. As in the 2-D shear ow model the qualitative behavior of the wave speed depends only on the form of the nonlinearity fu and not on the detailed properties of the medium. The approximate calculation of the speed requires the determination of a set of constants which are related to the solution of certain second order ordinary di erential equations on R 1 . Solvability of the ODE's is studied in 15 . Here they are solved numerically using a nite di erence method and the constants are then computed. Our numerical results show that the wave speed decreases in the layered medium.
In section 4 we give the corresponding qualitative results for the e ective wave speeds in the case of KPP nonlinearity by using formula 1.6. It turns out that the same phenomenon occurs: speedup in the two dimensional shear ow model and slowdown in the one dimensional layered medium. These results are analogous to what happens to the e ective di usivity in the corresponding linear problems. It increases in the two dimensional shear ow case and decreases in the one dimensional case. Our result 2.25 says that waves propagating in a particular a layered divergence free, mean zero periodic medium speed up. This phenomenon has been observed in ame propagation through turbulent media, in 6 and 13 , and formulas for the turbulent ame speed in terms of the laminar ame speed are similar to 2.25. We use a nite di erence method to compute the p m 's and r m 's from 3.36 on a large enough nite interval ,N;N with zero Dirichlet boundary conditions at the two end points. We use the double precision Linpack routines to solve the linear equations that result from the discretization of the ODE's. Then we calculate the B m 's from 3.38 using a double precision integration routine from Naglab. We also use Huxley's formulas for ' 0 ; c 0 .
We veri ed that the numerical scheme converges as the grid is re ned. We describe here the results of two t ypical runs. The rst is done on the interval 
E ective Wave Speeds in the KPP case
In this section, we use formula 1.6 to calculate the e ective wave speeds in the model problems of the previous two sections with KPP nonlinearity 1.3. Since y is smooth and convex, the in mum in 1.6 is achieved at a nite point and thus it is enough to analyze over a compact set of y. By the Krein-Rutman theorem, is a simple eigenvalue of L y , so it is stable under perturbation. In our calculations we will drop the term f u 0 in 1.5 because it only shifts by a constant. This means that the wave speed in the 1-D layered medium is less than that in the corresponding uniform medium. We conclude that the qualitative behavior of e ective wave speeds in the KPP case is the same as that in the bistable case.
